A combined instrument for ultra-microhardness testing and atomic force microscopy (AFM) has been developed. The instrument could be employed to conduct hardness tests with a diamond indenter and its Si tip allowed high-resolution AFM images to be obtained at the same position on the specimen. Ultra-microhardness tests and AFM observations were carried out on electrolytically polished specimens of a tungsten single crystal and JIS-SCM415 and JIS-SCM440 low-alloy steels. The SCM415 and 440 steels were tempered at 873 K and 723 K, respectively. The benefits of using a Si tip instead of a diamond indenter for AFM observation are clearly shown by the better profile of the indent mark on the tungsten single crystal and the clearly distinguishable images of the fine carbides of the steels. The ultramicrohardness of the steels was influenced by the local microstructures such as the carbide density and the presence of a ferritic phase.
Development of an Atomic Force Microscope Ultra-Microhardness Tester with a Silicon Tip for
High-Resolution AFM Imaging
Introduction
Vickers and other conventional hardness tests are widely used as simple, nondestructive methods of testing materials. Recent progress in microstructure control technologies of steels requires the mechanical properties of materials to be understood on the micrometer and nanometer scales. Nanoindentation is a method of evaluating the mechanical properties on the nanometer scale.
The authors developed atomic force microscopy (AFM) ultra-microhardness tester based on an atomic force microscope (1) - (4) . The tester is characterized by a triangular pyramidal diamond tip, which is fixed at the center of a special lever supported at both ends, that acts as both the indenter and the AFM probe. The AFM probe enables the surface of the specimen to be observed before and after hardness testing. Since it acts also as an atomic force microscope, the tester can be used not only to deter-mine the hardness of uniform and flat surfaces but also to determine the hardness of cementite particles (5) and inclusions (6) . The tester can similarly reveal the hardness inside and near grain boundaries of low-carbon bainitic steel (7) , 1 µm fine-grained ferritic steel (8) , and tempered martensitic steel (9) . However, the tip of the diamond indenter is too dull to provide the necessary resolution for observing precipitates and micro particles with diameters of several tens to several hundreds of nanometers.
We describe an improved AFM ultra-microhardness tester developed by us with the aim of obtaining highresolution AFM images of specimen surfaces and indents. The improved AFM hardness tester is characterized by the use of a commercially available Si probe for AFM observation instead of a diamond indenter of the type conventionally used for hardness testing. As examples of its application, we describe the results of hardness tests and high-resolution AFM observation of a tungsten single crystal and JIS-SCM415 and JIS-SCM440 low-alloy steels.
(a) Ultra-microhardness tester (b) Lever holder Fig. 1 Diagrams of ultra-microhardness tester and lever holder is different from the previous tester (1) , notably in that 1) the improved lever holder can accommodate both a special lever with an indenter for hardness testing and a cantilever with a Si probe for high-resolution AFM observation; and 2) the lever holder is mounted on an actuator, allowing lever-driven movement. This special lever with the indenter and cantilever with the Si probe are hereafter called the indentation lever and Si lever, respectively. The improvement enables the indentation lever and the Si lever to be exchanged without moving the specimen. The tester is also equipped with an optical microscope to monitor the specimen surface and the back of the levers, whose images, enlarged to 500 to 1 000 times, are displayed on a monitor.
The lever actuator features a lever holder and an actuator allowing the regulation of force. The lever holder is designed as a rectangular shape, with the middle cut out squarely. The indentation lever is mounted at the center of the lever holder, and the Si lever is fixed at the tip of the lever holder. The other functions of the tester are the same as in those of the previous model of the tester.
2 Measurement procedure
Using the device shown in Fig. 1 , ultra-microhardness tests and AFM observations were carried out according to the following procedure.
(1) Both the Si lever and the indentation lever were moved away from the optical microscope using the servomotor to move the levers, and a specimen was installed. ( 2) The surface of the specimen was observed under the optical microscope to determine the point of the speci- men to be tested and to obtain its optical microscopic image. (3) The Si lever was moved to the position for AFM observation, and AFM images of the specimen surfaces were obtained. (4) The indentation lever was moved to the position for ultra-microhardness testing, and a curve demonstrating the relationship between indentation force and depth (an F -h curve) was obtained. (5) The Si lever was again moved to the position for AFM observation, and AFM images of the indent were obtained. It is important in the above process to carry out AFM observation and ultra-microhardness testing at the same point. This was achieved by utilizing 1 000-times enlarged images of the back faces of the Si and indentation levers. The images are shown in Fig. 2 . In Fig. 2 (a) , the entire Si lever is shown since the Si lever is narrow. The probe on the Si lever for AFM observation could be maintained in the same position each time after moving and returning the lever by simply superimposing one image on the image taken before movement. Guide marks were added by focused ion beams (FIB) to the back face of the indentation lever, as shown in Fig. 2 (b) . The luminescent point at the center of these two figures is the tested point, determined by an optical vertical displacement sensor. AFM observation and ultra-microhardness testing can be carried 
3 Si lever and indentation lever
The spring constant of the Si cantilever for highresolution AFM observation (length: l = 240 µm, width: w = 30 µm, thickness: t = 2.7 to 3.8 µm) was set at 1.7 to 5.1 N/m. The spring constant of the indentation lever for the hardness test (l = 1 mm, w = 1 mm, t = 50 µm) was 300 N/m. Figure 3 shows SEM images of the Si probe and the diamond indenter on the levers. The diamond indenter has an apex angle of 115 degrees, while the Si probe is more sharply pointed, with an apex angle of approximately 35 degrees. The radius of curvature of the tip was approximately 100 nm in the diamond indenter, and less than 50 nm in the Si probe. Since, for AFM observation, the resolution depends on the shape of the probe tip, the Si probe, which had a smaller radius of curvature, gave better resolution. Moreover, the measuring forces should ideally be small during contact-mode AFM observation, so the Si lever, which had a smaller spring constant, was more appropriate for AFM observation than the indentation lever. Contact-mode AFM observation was conducted with the contact forces of the Si and the indentation levers at 0.05 to 0.15 µN and 9.0 µN, respectively.
Experimental Method

1 Specimens
Specimens were single crystals of W(001), Mo(001), and Ni(001), and low-alloy steels JIS-SCM415 (0.17C -0.19Si -0.78Mn -0.03P -0.03S -1.04Cr -0.19Mo mass%) and JIS-SCM440 (0.4C -0.24Si -0.81Mn -0.02P -0.007S -1.03Cr -0.16Mo -0.041Al mass%). SCM415 steel was austenized at 1 123 K for 1 800 seconds before quenching in oil, tempering at 873 K for 3 600 seconds, and cooling in water. SCM440 steel was austenized at 1 153 K for 2 700 seconds before quenching in oil, tempering at 723 K for 5 400 seconds, and cooling in water. The single-crystal specimens were circular disks 5 mm in diameter and 2 mm thick. The SCM415 and SCM440 steel specimens were 2-mm-thick square plates 7 mm with sides. The surface of the specimens was first buffed and then electrolytically polished. The conditions under which the single crystals were electropolished are described in Ref. (4) . For the low-alloy steels, the conditions of alcohol containing 10% perchloric acid, 40 V, and 10 seconds were used. The etching process for preparing the surface for AFM observation and ultra-microhardness testing was eliminated, and the electropolished surfaces were subjected to AFM observation and the hardness test. The electropolished surfaces were also observed using a scanning electron microscope (SEM).
3. 2 Ultra-microhardness test and AFM observation Ultra-microhardness testing and AFM observations were conducted using the tester and experimental methods described in section 2. Two lever holders (holder nos. 1 and 2), each of which consisted of a Si lever and an indentation lever with a triangular pyramidal diamond indenter whose apex angle was 115 degrees, were used. Holder no. 1 was used for the tungsten single crystal and SCM440 steel, mainly to investigate the performance of the improved tester. Holder no. 2 was used for SCM415 and SCM440 steels to determine the distribution of ultramicrohardness. AFM images of the specimens were obtained using the Si probe and diamond indenter to compare the performances of the probes.
By using single-crystal metals as reference specimens, we derived the following experimental equation for converting the F -h curve derived by ultra-microhardness testing into Vickers hardness (4) :
where were effective over a range of 40 nm < h < 140 nm. Figures 4 to 6 show the results of a hardness test on an electropolished surface of a tungsten single crystal, which was conducted using holder no. 1. Figure 4 shows the resultant force-penetration depth curve (F -h curve). Figure 5 shows AFM images of the same indent on the tungsten surface after the hardness test, taken using the Si probe and the diamond indenter. Figure 6 shows the indentation profiles at the deepest point of the same indent, which were estimated from the AFM images. The profile lines are shown as dashed lines in Fig. 5 . In contact-mode AFM observation, smaller contact forces of probes result in less damage to the specimen surface. Therefore, AFM observation was performed after a hardness test first using the Si probe and then the diamond indenter. The following results were obtained.
Results and Discussion
1 Single-crystal metals
( 1 ) F -h curve: In Fig. 4 , the F -h curve of the tungsten single crystal shows the pop-in phenomenon (3) , (7), (8) , which occurs in metals with small dislocation densities, during the loading process. The penetration depth was calculated by approximating the data for the upper one-third during the unloading process as a line and determining the intersection with the X axis (F = 0). The resultant penetration depth was 125 nm, which is the plastic penetration depth, and it closely agreed with the depth of the indent.
( 2 ) Indentation profiles: In Fig. 6 , the indentation profile derived using the Si probe (solid line) was deeper than the profile determined using the diamond indenter (dashed line). As shown in Fig. 3 , the Si probe was very sharp and was able to reach the deepest part of the indent. Therefore, the profile measured with the Si probe is likely to reflect the actual profile of the indent. Both the dashed and solid lines in Fig. 6 show plastic piling up on the left On the other hand, the deformation on the right was small because of a ridge in the indent. The penetration depths, determined from the indentation profiles by eliminating the effects of plastic deformation, were 133 nm for the Si probe and 103 nm for the diamond indenter. The former value agreed reasonably closely with the plastic penetration depth (125 nm) determined from the unloading section of the F -h curve in Fig. 4 . Addition of AFM observation using a Si probe enabled correct indentation images to be obtained. Ultramicrohardeness tests have the problem of the size effect and a tendency to yield too high a hardness values when indentations are small. AFM images, which provide correct indentation profiles, should effectively solve this problem.
2 Low-alloy steels SCM415 and SCM440 2. 1 Microstructures and F -h curves
The results of a series of experiments are shown in Figs. 7 to 11 for SCM415 steel which was tempered at 873 K, and SCM 440 steel which was tempered at 723 K. Holder no. 2 was used for SCM415 steel, and holder no. 1 was used for SCM 440 steel. Figures 7 and 8 show the SEM images and AFM images, respectively, obtained using the Si probe. Figures 9 and 10 are AFM images obtained using the Si probe first, followed by the diamond indenter, after an ultra-microhardness test had been carried out at the same points as shown in Fig. 8 . Figure 11 shows the F -h curves obtained at the corresponding points shown in Fig. 9 . The results can be summarized as follows.
( 1 ) Microstructures: The white spots in Figs. 7 and 8 are carbides. Carbides were distributed uniformly over SCM440 steel of 0.4 mass% C, and the entire appearance had a tempered martensite structure. SCM415 steel with 0.17 mass% C showed martensitic regions with carbides and ferritic regions with no carbides.
( 2 ) F -h curves: As shown in Fig. 9 , ultra-microhardness tests were conducted nine times on SCM415 steel and three times on SCM440 steel. Triangular indents are seen at the points of the hardness tests. The numbers of indents correspond to the numbers of F -h curves in Fig. 11 . In SCM415, the indent at Point 2 was formed in a ferritic region (Fig. 9 (a) ), and the F -h curve at that point shows the pop-in phenomenon ( Fig. 11 (a) ). The pop-in phenomenon was also observed in single crystals of W or Fe metal and IF ferritic steel, and is related to small dislocation densities (3) , (7), (8) . Therefore, the ferritic region that was formed during the process of quenching and tempering was likely to have a low dislocation density. At Points 1 and 3, indents were formed on carbides, and the penetration depths were smaller than at Point 2 which was obtained in a ferritic region. The penetration depth depended on the density of carbides, and thus the depth was smaller at Point 3 than at Point 2, where carbide was distributed more densely at Point 3 than at Point 1. A similar tendency was seen in SCM440 steel, which had relatively uniformly distributed carbides. The carbide density was the greatest at Point 3, followed, in decreasing order, by Points 1 and 2 (Figs. 8 (b) and 9 (b)), giving successively smaller penetration depths in the same order (Fig. 11 (b) ).
( 3 ) Precision of matching position and resolution of AFM image: Figures 8 to 10 are AFM images obtained by 1) using the Si probe (Fig. 8); 2) moving the diamond indenter to the same position to conduct an ultramicrohardness test (Fig. 11); 3) moving the Si probe back to the same point to obtain AFM images again (Fig. 9) ; and 4) moving the diamond indenter back to the same position to obtain AFM images (Fig. 10) . By considering the movements of the diamond indenter and the Si probe, and referring to the indent marks, a comparison of Figs. 8 to 10 showed that the improved tester (shown in Fig. 1 ) enables position matching with a precision better than 1 µm.
A comparison between Figs. 9 and 10 showed that the use of the Si probe instead of the diamond indenter markedly improved the resolution of the AFM image and enabled carbides several tens of nm in size to be discriminated. AFM observation using the Si probes was conducted in the contact mode. A better resolution can be expected in the tapping mode.
2. 2 Scatter of ultra-microhardness and Vickers hardness
As our comparative analysis of Figs. 9 and 11 showed, F -h curves depended upon microstructures. Equation (1) calculated by substituting penetration depth h = 100 nm and indentation force F in Eq. (1). The corresponding ultra-microhardness test was conducted using holder no. 2 for both SCM415 and SCM440 steel specimens within a range of 10 µm × 10 µm in sets of nine trials (3 × 3 = 9) (see Fig. 9 (a) ). Twelve sets, or 108 trials, of ultramicrohardness tests were performed on SCM415 steel, indents shown in Fig. 9 (a) . With such small indents, the resultant Hv * should have been influenced by microstructures such as the ferritic phase and carbide density, and should have showed a wide scatter. Hv * for the ferritic phase in SCM415 steel that showed pop-in is shown with white solid bars in Fig. 12 (a) . When the pop-in phenomenon occurred, Hv * should have been 100, which is the hardness value of the steel itself. The maximum Hv * , however, reached 180. This was probably attributable to the fact that the indenter was pushed into the ferritic phase at the initial stage of the indentation process and encountered carbides near and under the indenter at a later stage of the process. The scatter is probably not attributable to inaccuracies in the AFM ultra-microhardness tester. In Fig. 2 ference is attributable to the fine-grained strengthening of blocks, which were high-angle boundaries of the martensitic structure (9) . As described, the tester was improved to enable it to obtain AFM images with a Si probe and the hardness, or the strength property, of local regions of complicated microstructures, such as tempered martensite structure. The improved AFM ultra-microhardness tester should also be effective for investigating the mechanisms of fatigue fracture and delayed fracture, in which the strength properties of local regions play important roles.
Conclusion
( 1 ) The authors improved the AFM ultra-microhardness tester originally developed by the authors, so as to enable hardness tests to be conducted using a diamond indenter and AFM observation to be performed using a Si probe. The addition of AFM observation using the Si probe enabled high-resolution observations by which carbides several tens of nanometers in size could be discriminated in the tempered martensite structures of SCM415 and SCM440.
( 2 ) More accurate AFM images of indents on a tungsten (001) single crystal were obtained using the improved AFM ultra-microharness tester when a Si probe was employed instead of a diamond indenter.
( 3 ) AFM observation using the Si probe enabled images of the complex tempered martensitic microstructures of SCM415 and SCM440 steels to be obtained. The tester could also be used to measure the ultra-microhardness of the corresponding local regions, which depends on microstructural characteristics such as the density of carbides and ferritic phases.
